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Abstract 


AGerman-U.S.  workshop,  under  the  auspices  of  DEA-G-1060,  focusing  on  electrothermal - 
chemical  (ETC)  gun  propulsion  was  held  at  the  U.S.  Army  Research  Laboratory,  Weapons  and 
Materials  Research  Directorate,  Aberdeen  Proving  Ground,  MD,  on  27-28  January  1998.  The 
workshop  was  attended  by  approximately  60  researchers  from  Germany  and  the  United  States. 
Eighteen  invited  talks  covering  the  areas  of  ETC  Program  Overviews,  Pulsed  Power,  Modeling 
and  Simulation,  ETC  Systems,  and  Plasma  Propellant  Interaction  were  presented  during  the  two 
days. 
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A  German-U.S,  workshop,  under  the  auspices  of  DEA-G-1060,  focusing  on  electrothermal- 
chemical  (ETC)  gun  propulsion  was  held  at  the  U.S.  Army  Research  Laboratory,  Weapons  and 
Materials  Research  Directorate,  Aberdeen  Proving  Ground,  MD,  on  27-28  January  1998.  The 
workshop  was  attended  by  approximately  60  researchers  from  Germany  and  the  United  States. 
Eighteen  invited  talks  covering  the  areas  of  ETC  Program  Overviews,  Pulsed  Power,  Modeling  and 
Simulation,  ETC  Systems,  and  Plasma  Propellant  Interaction  were  presented  during  the  two  days. 

The  workshop  agenda  is  provided  in  section  2,  and  a  list  of  the  participants  is  given  in  section  3. 
For  the  majority  of  the  presentations,  copies  of  the  slides  can  be  found  in  section  4. 
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No  EMI  on  associated  hardware  or  externally  measurable 
Thermal  management  should  be  a  minimal  system  burden 


Energy  and  power  requirements 
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An  mverrer/converter  will  oe  needed  to  charge  the  capacitors 
Capacitors  and  generators  can  drive  the  gun  directly 
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converter  to  charge  the  capacitors 

Intelligent  energy  management  with  other  vehicle  electrical  loads 
(drive,  EM  armor,  HPM,  DEW,  EM  suspension,  APS)  will  be  needed 
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feasibility  demonstration  of  flux  compression  generator 
improved  HTSC  materials  at  UT 


PFN  System  Volume  Trends 
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High  Efficiency  Lightweight  PEN 
Charaer  investigation 
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taking  place. 

Battery  &  PFN  components  identified  and  in 
procurement. 


TVS  structure  and  tests 


Test  geometry  Switch  under  test 


Vacuum  switch  development 
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appears  attractive  in  anaiysis  appiicabiiity  to  ECM 


Linear  Magnetic  Fiux  Compressors 
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THE  UNIVERSITY  OF  TEXAS  AT  AUSTIN 


Feasibility  Demonstration  of  a  Flux 
Compressor  Power  Unit 
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storage  Consumers 


Magnetodynamic  Storage  (MDS) 


Typical  Peak  Power  Situations 
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Magnetodynamic  Storage  MDS 

left  side;  Test  stand  unit  for  demonstration  of  80  MJ  /  5  MW  (1994) 
middle;  Test  stand  unit  for  demonstration  of  80  MJ  /  2,5  MW  (1996) 
right  side;  Small  lot  production  unit  for  application  in  urban  buses 


Magnetodynamic  Storages 
MDS  K.  MDS  LI  and  MDS  L2 


design  data 

MDS-K 

MDS-LI 

’  '  ^  ■ 

energy 

E  = 

7.2 

78 

M3 

max.  power 

P  = 

0.3 

5 

i 

*  -'4 

MW 

max.  voltage 

L  = 

650 

500 

V 

max.  current 

I  = 

0.5 

12 

kA 

speed 

n  = 

12.000 

8,800 

1/min 

diameter 

D  = 

620 

1,250 

-  - 

mm 

axial  length 

H  = 

650 

950 

mm 

volume 

V  = 

0.19 

1.17 

m^ 

weight 

m  = 

0.4 

2.1 

t 

spec,  energy: 

e  = 

18 

37 

MJ/t 

spec,  power: 

P  = 

1.0 

2.4 

MW/t 
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Magnetodynamic  Storage  MDS  K 

Since  1988  operated  in  dieselelectric  ^ 

and  trnllt'v  77  HSL 
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Example  Scenario  Electric  Tank  and  Conventional  Tank 
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Superconducting  Inductive  Pulse  Power  Supply 
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Superconducting  Inductive  Pulsed  Power  Supply 


Superconducting  Inductive  Pulse  Power  Supply 
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Superconducting  Inductive  Pulse  Power  Supply 
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Superconducting  Inductive  Pulsed  Power  Supply 
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a  matter  of  superconductor  principle) 


High  Temperature  Materials 
Research  with  Metalized-SiC  for 
Pulsed  Power  Electric  Guns 
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Reduced  solid  state  material  mass  by  as  much  as  55-65% 
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I-V  measurement  apparatus 
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Ti-SiC  I-V  measurements 


Difference  in  Ta  work  function  could  account 
for  rectifying  behavior 


Average  resistance:  4.25  ohms 
Standard  deviation:  0.05  ohms  (1.2%) 
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UDLP  -  D.  Cook 
UT,  Austin  -  D.  Wilson 
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UDLP  code 
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Plasma  Models 
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UT,  Austin 

-  characterization  of  plasma  expansion 

-  theoretical  model  development 

-  correlation  of  theory  and  fundamental  experiments 
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UDLP  End-to-end  Engineering  Model 
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Gaps  in  physics  models  exist  (i.e.  plasma/propellant  interaction). 
Calibrated  empirical  model  used  until  more  fundamental 
data  available. 


Model  Features 
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Thermodynamics  calibrated  with  existing  modeis 


Full  Scale  Direct  Fire  Electrical  Data 


model  calibrated  against  large  ETC  database 
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characterization  of  plasma  properties 
structural  response  of  propellant  or  projectile 
thermal  response/erosion  of  projectile  fins 
thermochemistry  of  plasma/propellant 
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Simulation 


Interior  Ballistics  Computational  Domain 
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-  propellant  bed  compressibility  and  stress  propagation 

-  grain  motion  and  spiintering 

-  cartridge  case  combustion 
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TIV':(ms)  'A'F' 


High  Power  Data  ETCtD  Calculation 
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pressure  from  initial  plasma 
injection 
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ARMY  RESEARCH  LABORATORY  WEAPONS  &  MATERIALS  RESEARCH  DIRECTORATE 
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(Propulsion  Physics  Workpackage)  (Nusca,  ARL,  1/98) 
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Simulation  of  Pressure  Waves  in  120mm  Gun 
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Projectile  Separation  Technology 


Time  (ms) 
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challenge  Is  to  keep  pace  with  evolution  of  design  and 
propellants 
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Historic  System  Deveiopment 


130 


Typically  it  has  been  “bottoms-up”  AND  Reactive 


System  Development  ‘‘Continuum 


131 


System  Development  Tools  Objectives 
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“Automate”  and  capture  the  methodology  and 
development  knowledge  base  in  a  flexible,  interactive  tool 


Causal  Network  Diagramming  (CND) 
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Preliminary  Results 

♦  Loss  Exchange  Ratio  Example 
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Preliminary  Results  -  Cont’d 

Available  Mission  Equipment  Weight  &  Volume 
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Minimum  Vehicie  Weight  vs  Gun  impuise 


What  Does  the  CND  Based  Tool  Bring  to 
System  Concept  Development  &  Analysis? 
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Identify  “Heavy  Hitters”  in  Cost/Weight 
Identify  What  Capabilities  are  “Achievable” 
Identify  What  the  Technoiogy  “Needs  to  Achieve 


System  Development  Bottom  Line 
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Maximizes  Warfighting  Capabiiity 
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Initial  characterization  of  igniter  plasma  optical  properties 
Conclusions  from  initial  optical  measurements 
Description  of  efforts  currently  on-going  or  planned 


Need  for  Plasma-Propellant  Interaction  Study 
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Increasing  Loading  Density 
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Propellant  Environment  is  Very  Complicated 
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Some  propellant  is  directly  exposed  to  the  plasma  source  (i.e. 
line-of-sight)  while  other  propellant  is  exposed  only  to  the  evolving 
plasma.  — 
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An  EmpioyoemownBd  Company 


DEFENSE  SPECIAL  WEAPONS  AGENO 
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What  are  the  conduction/convection  time  scales? 
What  is  the  plasma  distribution? 
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Optical  Radiation  Characterization 
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Spectrum  at  Propellant  Surface 
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The  initial  assumption  of  high  radiation  output  is  confirmed. 

These  results  are  being  implemented  in  plasma/propellant  interaction 
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Model  will  be  validated  against  test  data  and  FORTEL  caicuiations 


WEAPONS  &  MATERIALS  RESEARCH  DIRECTORATE 
ABERDEEN  PROVING  GROUND 

Basic  Research  on  the  Chemistry 
of  Plasma/Propellant  Interactions 

Rose  Pesce-Rodriguez 
Pam  Kaste 


Workshop  on  Electrothermal -Chemical  Gun  Propulsion 
Under  the  Auspices  of  the  German-US  DEA-G-1060 
January  28,  1998 


Outline 

•  Presentation  of  results  from  several 
“informal”  examinations  of  plasma- 
exposed  gim  propellants 

•  Discussion  of  proposed  basic  research 
work-unit  on  plasma/propellant 
interactions. 
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•  JA2  grains  (Jul  97) 

-  60  M\^'  power 

-  exposed  directly  to  plasma 

-  shielded  by  aluminum  foil  (conductive  effect  only) 

-  shielded  by  mylar  (radiative  effect  only) 

•  Propellant  array  (Aug  97) 

-  125  MW  power 

•  plasma  distribution  not  uniform  over  sample  array 

-  exposed  and  mylar-shielded 

•  JA2.  M9,  XM39-like  propellant  (all  grains) 

*  in  all  ca5cs.  pla<;ma'^  not  charactcri7cd 


Plasma*  Exposure  Experiments 

•  JA2  Sheet  (Mar  95) 

-  60  MW  power 

-  exposed  through  polyethylene  tube  (radiation  effects  dominate) 


Plasma-Propellant 
Interaction  Set-up 


1  MATTRIALS  Rf  SEARC  W  OWTCTORATp 
AaEROEFN  RROV1NC  OROUNO 


PROPELLANT 

SAMPLES 


Plasma  exposure  through 
polyethylene  tube 


Shield  materials' 

-  Polyethylene  terephthalate  (Mylar) 

-  Aluminum 

-  Quartz  q 


“Open  air”  exposure 
to  plasma 
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JA2  Sheet,  Through  PE  Tube 

(Mar  95  Sample) 

•  60  MW  power  (plasma) 

A  •  SEM  examination  (Rob  Lieb,  ARE) 

-  Evidence  of  subsurface  reaction 

•  melting  and  possible  chemical  reaction 

•  reaction  to  depth  of  approximately  1  mm 

•  voids  larger  as  one  proceeds  deeper  into  sample 

•  surface  appears  to  be  “peeled  up”  (from  escaping  gases?) 

•  Chemical  analysis 

-  IR:  not  performed 

-  Desorption-GC-MS; 

•  Preferential  depletion  of  DEGDN  plasticizer 


Pyroprobe  (not  to  scale) 


Heating  Coil 
(around  quartz  tube) 


()uadrex  cap 
OV-nfilm 
0.32mm  x  25  m 


Experimental  Apparatus  for  D-GC-MS  Experiments 
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Plasticizer  Profile  by  GC-MS 

Plasma-treated  JA2,  Mar  95  Sample) 


Distance  along  width  of  Sample  (mm) 


Conclusion  Based  on 
“Through-the-Tube”  Experiment? 

•  Radiation  alone  appears  to  be  sufficient  to 
initiate  physical  and  chemical  changes  in 
JA2  propellant. 

but... 

•  Experiment  has  not  been  reproduced. 
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JA2  Grain;  Un/Shielded 

(Jul  97  Sample) 

•  60  MW  power 

•  Chemical  characterization 

-  SEM:  not  performed 

-  D-GC-MS: 

•  No  notable  difference  in  level  of  either  plasticizer 
after  treatment  of  any  of  the  samples 

-IR: 

•  Suggests  that  convective  effects  dominate. 


Plasticizer  Level  by  D-GC-MS 

(Plasma-Treated  JA2:  Jul  97  Samples) 


Sample 


^NG  gDEGDN 
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JA2;  Unsheilded 

(full  plasma  effect) 


JA2;  Mylar  Shield 

(radiative  effect) 
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JA2;  Aluminum  Foil  Shield-A 

(convective  effect) 


4000  3500  3000  2500  2000  1500  1000 

Wavenumber  (cm-"') 


JA2;  Aluminum  Foil  Shield-B 

(convective  effect) 


4000  3500  3000  2500  2000  1500  1000 

Wavenumber  (cm*’) 


161 


Pesce-Rodriguez;  Chemistry  of  PPl 


7 


Conclusion  Based  on  this 
“Open  air”  Experiment? 


•  Although  the  same  power  was  used  in  both 
the  “through-the-tube”  and  the  “open  air” 
experiments,  results  are  quite  different. 

-  No  obvious  loss  of  plasticizer. 

-  Radiation  dominant  for  “t-t-t”’;  convective 
dominant  for  “open  air”. 

•  Additional  experiments  of  both  type  are 
necessary  before  real  conclusions  can  be 
drawn. 


A 


Propellant  Array;  Un/Shielded 

Microreflectance  -FTIR  Analysis 

(Aug  97  Sample) 


4  • 
^  . 

C  o 


•  125  MW  power  (plasma) 

•  M9 

-  Unshielded:  appearance  of  carbonyl  absorbance 

-  Mylar  shielded:  no  notable  change 

•  JA2 

-  Unshielded:  burned,  no  residue  remained 

-  Mylar  shielded:  no  notable  changes 

•  XM39-like  propellant 

“  Unshielded:  no  notable  change 

-  Mylar  shielded:  decreases  carbonyl  absorbance 

•  possibK  due  to  loss  of  acct>  l  and  buT\'n'l  groups 


Unshielded 


•  •  • 
•  •  •  O 


Mylar  Shielded 
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Conclusion  Based  on  this 
“Open  air”  Array  Experiment? 

•  Assuming  uniform  exposure  (valid?): 

-  At  high  power,  direct  exposure  to  plasma  will 
ignite  JA2,  but  not  M9  and  XM39-like 
propellant. 

-  Radiation  effects  alone  are  sufficient  to  induce 
chemical  changes  in  XM3  9-like  propellant,  but 
not  in  JA2  and  M9. 

•  (For  JA2)  Inconsistent  with  “through-the-tube” 
experiment,  but  consistent  with  “open  air” 
experiment. 

•  More  experiments  are  necessary. 


Conclusions  for  Experimental  Work 


•  Examples  of  the  type  of  experiments  that 
can  be  done  were  shown. 

•  Experiments  have  not  been  reproduced. 

•  Results  appear  to  be  inconsistent,  but 
perhaps  we  should  not  expect  the  same 
result  fi-om  experiments  performed  under 
different  experimental  conditions. 

-  What  can  we  leam  fi*om  the  differences? 
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Proposed  FY99  Work  Unit 
on  PPI 

(Approval  uncertain.) 


•  Objective 

—  Identification  of  design  rules  for  advanced 
propellant  formulation  based  on  optimized 
plasma/propellant  coupling. 

•  Payoff 

-  Exploitation  of  benefits  of  plasma-based  ignition 

•  short,  reproducible  ignition  delay 

•  temperature  insensitivity 

-  Improved  gun  performance 
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FY99  Deliverables 


•  PPI  model  based  on: 

-  Constitutive  model  of  plasma 

-  CFD  simulation  of  simplified  plasma  jet  impingement 
on  a  solid  surface 

—  Chemical  reactions  between  plasma  components  and 
propellants 

•  Determination  of  effects  of  radiative,  convective,  and 
chemical  components  of  plasmas  on  mechanical  properties 
and  chemical  decomposition  processes 

-  Based  on  characterization  of  propellants  (with  varying 
formulations)  from  “interrupted  bum”  experiments 


Modeling  Plasma-Propellant  Interaction 


3)  Impingement  on  propellant.  Surface  heating,  reactions, 
and  further  chemical  reaction  with  plasma  constituents 


OVERALL  MODEL  REQUIRES  INTERACTION  OF  SUBMODELS: 


1)  Model  the  formation  of  the  plasma  constituents,  spectral  properties,  radiation  and 
energy  content,  temperature,  density,  velocity,  pressure,  etc.  (M.  McQuaid). 

2)  Model  the  formation  of  the  plasma  jet  outside  the  capillary,  including  gasdynamic 
expansion,  turbulence,  chemical  stratificaton,  reaction,  &  radiation  effects  (M.  Nusca). 

3)  Model  the  chemical  kinetics  for  interaction  of  the  plasma  constituents  with  propellant 
slab,  including  subsequent  gaseous  reactions  in  the  plasma  (W.  Anderson). 

(Nusca, 1/98) 
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Chemical  and  mechanical  properties  characterization  will  take  place 

independently  of  modeling  effort...  4 

...but,  for  the  interpretation  of  experimental  results,  w  ill  rely  on  most 
of  the  same  information  needed  for  model. 

(Beck-Tan,  Kaste,  Lieb,  Pesce-Rodriguez,  Schroeder) 


Approach: 

■  Examine  a  series  of  propellants  with  different 
formulations  (e.g.  single  base,  double  base,  triple  base, 
ETPE,  LOVA). 

-  Ignition  by  plasma-based  and  conventional  igniters 
“  ‘"Shielded”  samples  (Mylar,  aluminum  foil) 

■  Characterize  chemical  and  physical  changes  induced  by 
igniter. 

■  Determine  effects  of  radiative,  convective,  and  chemical 
components  of  plasmas. 

■  Correlate  response  to  igniters  with  formulation 
(ingredients,  functional  groups,  etc). 

-  Deduce  design  rules  from  observ  ed  correlations. 


Related  Support: 

•  The  Army  Research  Office  has  been  briefed  on  our  current 
and  future  activities  and  is  very  supportive.  They  have 
pledged  to  help  out  in  any  wa}-  possible  (workshop  of 
experts  may  be  held). 

•  ARL  will  exploit  expertise  in  academia  and  industry  as 
appropriate. 

-  Penn  State  hosted  on  3  Dec  97  and  1 6  Dec  97 

-  Expert  on  ion  chemistry’  to  lecture  at  ARL  in  early  March  98 

•  JANNAF  Workshop  on  PPI  scheduled  for  May  97  (ARL 
will  host). 

•  “DRI”  (an  internal  ARL  funding  source)  proposal  to 
investigate  chemistry  and  temperature  at  surface  of 
plasma-ignited  propellant  (real  time)  funded. 
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Proposed  Applied  Research  Program 


•  Approval  uncertain. 

•  Proposed  activities: 

-  Investigation  of  surface  integrity 

•  Based  on  imaging  of  grains  immediately  after 
extinguishment  (via  blow-out  disk) 

-  Comparision  of  relative  merits  of  igniters  based 
on  organic  and  non-organic  materials 


Overall  Conclusion 

We  have  big  plans  for  some  exciting 
research. . . 

. .  .and  expect  to  have  much  more 
information  to  share  at  the  next 
DEA  meeting! 
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German/us  Workshop  on 
Electrothermal-Chemical  Gun  Propulsion 
7-28  January  1998,  Aberdeen  Proving  Ground 


PROPOSED  QUESTIONS 

DEA1060,  27-28  January  1998 
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9.  Which  type  of  firing  experiments  have  been  performed  during  the  iast  five  years? 
powder  charge  arrangements  and  type  of  energy  reiease 
caiiber,  barrei  length,  chamber  volume 
results,  especially  muzzle  velocity  and  ballistic  efficiency 


OUTLINE 
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Future  Work 


(iNinbiio  ftNiAOMii 


CONVENriONAL  CHAMBER  SET  UP 
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9cc  plasma  capillary  cavity 


E.ENERGY 

(kJ) 

25.7 

VLZ 

27.5 

24.3 

28.7 

25.0 

PRESSURE 
MAX  (MPa) 

117.5 

o 

o 

292 

292 

323 

293 

PFN  PULSE 
WIDTH 
(ms) 

1.2 

1 

1 

fS 

• 

1 

PFN 

BANKS 

VOLTAGE 

_ (m _ 

1 

1 

PLASMA 

CAPILLARY 

L/D 

26 

19 

o\ 

26 

M5 

SINGLE 

PERF 

_ (g) _ 

29.15 

29.0 

29.0 

29.0 

SHOT  ID 

03127S1 

03197S1 

03267S1 

12023 

04177S1 

04237S1 

07247S1 
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CAPII JA  R  y  OPTJ  yii?  t  TION 


M5  PRESSURE  w.  T!,ME  MS  BUR^  RA  TE  vs.  PRESSURE 


EXPERIMENTAL  SET  UP 
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OBJECTIVES 
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PROPELLANT  SELECTION 
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NC  at  28% 
NG  at  22.5% 

XM39/Nltramine:  RDX  at  76% 

ATCat7.6% 
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RESULTS 


JA2  Pressure  vs.  time  JA2  Burn-Rate  vs.  Pressure 


RESULTS 


XM39  Pressure  vs.  time  XM39  Burn-Rate  vs.  Pressure 
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deduced  burn-rates 


-holograph  of  extinguished 
products 

-  chemical  &  physical  analysis 
of  extinguished  grains 


ETC  Efforts  At  ISL 
& 

Closed  Chamber  Experiments 


Dieter  Hensel 
Pascale  Lehmann 
Karl  Daree 
Klaus  Zimmermann 
Dietrich  Grune 
Hans-Heinrich  Licht 
Emil  Spahn 


PEA-G-J060  German/us  Workshop 


27-28  Jan  1998 
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Electromagnetic  (EM)  railgun 

(75  %) 


PEGASUS:  10 MJ,  50  mm,  Nov.  1997 
3  MJ ,  30  mm 


Electromagnetic  (EM)  coilgun 

(5%) 

20  mm ,  8  stages ,  10  kJ/stage 


Electrothermal  (ET)  gun 
Electrothermal-chemical  (ETC)  gun 

(20  %) 

12  mm ,  20  mm ,  60  mm ,  100  -  500  kJ 


W0>i*$hoi» 


t  Research  in  the  area  of  pulse  power 

a)  Switching  component 
Semi-conductors : 

•  Increase  of  the  current  rate  (dl/dt):  10  kA/fis 

•  Increase  of  blocking  voltage:  12  kV 

•  Increase  of  the  passing  current:  100  kA 

b)  Pulse  forming  networks 


I  Mostpron^  power 

Mid-term  (5-10  years): 

Fast  discharge  capacitors  and  supercapacitors 


Long-term  (10-20  years): 

High  energy  density  fast  discharge  capacitors 
Superconducting  materials  applied  to  pulsed  power  technology 
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ISL  ACTIVITIES  IN  THE  FIELD  OF  ETC  GUNS 


PERIOD 

THEORY 

EXPERIMENT 

1989-1995 

Arc  models 

Plasma  physics 

2D  ET  Code 
(abandoned) 

ETK1  Version  A 

Code 

comparison 

ISUCEA 

12  mm  ET  launcher 

Study  of  different 
geometries  and  of 
different  working 
media 

Vo  up  to  2.3  km/s 

1996 

ETK1  Version  C 

Closed  vessel 
experiments 

1997 

ET  code 
deveiopement 
abandoned  (?) 

Investigation  of 
powder  ignition 
by  a  plasma 

Ignition  of 
propellants  by 
plasmas 

Experiments  in 
closed  vessel  and  in 
launchers 

1 997-  Plasma  ignition 

raA-G-l«60  ecman/DS  Wrakshop 


Plasma  Ignition 


•  Objective 

gain  in  muzzle  kinetic  energy  (  >  30%) 
high  projectile  velocities 
(120  mm:  1650  m/s  =>  1900  m/s) 

kinetic  energy  >  33  % 

•  Method 

more  chemical  energy 
loading  density  >  1  g/cm^ 
electrical  energy  <  500  kJ 

•  Effect 

controlled  reduction  of  high  gas  pressures 
controlled  ignition 
controlled  combustion 

•  Problem 

special  (coated)  propellant 
consolidated  charges 
optimized  plasma  igniter 


DEA-G*1060  G^^tmaWUS  Workshop 


27-28  Jan  1998 
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ISL  research  program 

•  Closed  vessel  +  plasma  burner 

1 .  Interaction  of  plasma  and  propellant  /  combustion  gases 

2.  Law  of  burning  r  =  r  (  p  ,  T ) 

•  Electrothermal  (ETC)  gun, 

12  mm,  20  mm,  60  mm  ,  100  -  500  kJ,  pmax  =  450  Pa 

1.  Firing  with  conventional  ignition  and  with  plasma  ignition 

2.  Internal  ballistics  of  coated  propellant  +  plasma 

•  120  mm  firing  simulator 

1.  Plasma  igniter  +  Inert  material 

2.  Plasma  igniter  +  coated  propellant 

•  105  mm  experimental  ETC  gun 

1  .Successful  firing:  plasma  igniter  +  coated  propellant 

^  •  Development  of  „special“  propellant 

•  Spetroscope 

1. Plasma  qualities  (radiation) 
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Activitie 
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ISL  ETC  Program  Overview  01 ,01 ,1 998 
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DEA-G-1060  German/us  Workshop  27-28/1/98 

®Y  i-y 


1.  Gas  dynamics 

au  ap  „ 

¥"S-" 


rp^ 

^  pv  ^ 

u= 

pv 

,  F  = 

pv^ 

J 

^(e  +  P)v; 

e  =  pe  +  1/2pv' 


2.  Ohmic  heating 

3e_ 

3t  paF^  ’ 

G(z,t)=  el.  conductivity,  F=7ua^/4,  a(z,t)=arc  diameter 

3.  Radiation  loss 

S=E7cafsGsB'l^  > 

E=emisslvity  (usually  E=1),  7cafs(t)=effective  surface 

4.  Mass  flow 


Into  plasma:  m. 


[SAp+Cp,(T-T,)] 


'(hp-M’ 

hp  v=  enthalpies  of  plasma  and  vapour,  Cp^  vw=heat  transfer  coeffs. 

Ablation:  =  • 

Ah=  enthalpy  of  evaporation  (decomposition,  depolymerization) 
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Unknown  parameters: 

fs  :  Effective  arc  surface 

must  be  guessed  as  a  function  of  time  and  in 
dependence  of  the  nature  of  the  working 
medium  (gun  powder);  fs  =  const  is  a  good 
approximation  in  most  cases, 

Cpv,vw-  Heat  transfer  coefficients  for 
conductive-convective  transfer 

Cp^^~0  can  aiways  be  assumed  (transport 
between  plasma  and  vapour  by  radiation  only) 
Cy^  can  be  obtained  from  dosed  vessel 
experiments  with  inert  powders 

Tv :  Vapour  temperature 

Ty  has  little  influence,  it  can  be  assumed 
constant  (Ty^3000  K) 
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Computed  arid  tabulated  values: 

1.  With  the  ISL-SLYPIG  subroutine  library 

Equations  of  state  p(p,  T),  e(p,  T) 

Electrical  conductivity  a(p,  T) 

Rosseiand  opacities  for  plasma,  vapour 
and  condensed  matter;  emission  spectrum 
of  the  arc,  spectra!  absorption  in  vapour 
and  piasma,  absorption  coefficients 
Ay(p,  T)  andAJp,  T) 

2.  With  radially  resolving  arc  model  ARCETK 

Plasma  seif-absorption  Ap(p,  T), 
plasma  emission  temperature  Tr=T(1-Apf^^ 
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DEA-G-1060  German/us  Workshop  27-28/1/98 

i-v 


ImUj;: 


.•.O'.-. 


> 

< 

Oa: 

o  ^ 
m  □ 


j^dep-eoeds  pue  -au/./^j  b_ 
^ua^mdep-sjnssajd)  (ye 


lU  UJ  J 
UJ  CO  ^ 

a  <  9 

X  X  o 
I-  0.  S 


^  n 
>  L.  Jn 

T3  >  o  4S 

2  ft  c 

^  -2  3 

o  5  2  2  « 

■2  ^  ^  > 

OQ  E  m  .£  « 


206 
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TIME  (ms) 


SKETCH  OF  THE  PLASMA  PRESSURE  BOMB 


ETB 

Feb  98 


MEASURED  AND  COMPUTED  PRESSURES 
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German/us  Workshop 


MEASURED  AND  COMPUTED  CURRENT 
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DEA-G-1060  German/US  Workshop  27-28/1/98 
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COMPUTED  VALUES  AT  NOZZLE  EXIT 
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1060  German/us  Workshop  27-28/1/98 


COMBUSTION  BY  PLASMA  IGNITION 
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DEA-G-1060  German/US  Workshop  Jan  1998 
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time  (ms) 
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German/us  Workshop  on 
Electrothermal-Chemical  Gun  Propulsion 
27-28  January  1998,  Aberdeen  Proving  Ground 
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Convective  &  Radiative  Heat  Flux 
Conclusions 
Plans 


o 

y. 

u 

o 

oc 

o 


(0 

OS 

E 

(0 

iS 

Q. 


c 

o 

Mwmm 

■  MM 

C 

D) 


0) 

3 

>%  2 
iS  CD 
O  Q. 

"O  E 

c  o 

O 

o 

■E  P 

D> 

j)  "o  <§ 

o)  E 


o 

3 

T3 

O 


=  Q. 


^  0)  Q. 


C 

iS 

o 

Q. 

O 


o 


Woe 

I  ^  <1) 

'  Qi  w 


(0 

3) 


OS 


o6 


c, 

o 


3 

E 


<D  CL 

2^ 


k2 

o 


o 

c 


.3  (0 

**-  05 

M 

CD  JO  _ 

Jrr  3 

s  tr  -Q 

-Q  ^ 
—  -Q  iD 
05  ^ 

o  o 

0)  ^ 

3)  C  O 
O  Q- 
O  O 


■3  ■’I' 

8-^ 


■3 

O 

t 

O 

(0 

o 

I 


05 


c 

05 


Q. 

<D 

E 

o 


(0 

_  3  _ 

(f>  -O  if) 

E  c 
o  — 

O  "3 


O 

o 
O  w 

^  “S 

O  O 
I 


<0 

0)  ^ 
<0  .5 

^  m 

€  2 

■S  ^ 

<D 

2  I 

CD  ^ 

^  C 
W  O 

r-  ^ 

I  § 

.2^ 
■Q  ^ 
{B  W 
*-  C 
(0  O 

s  'S 

w  5 
is  c 

ft  CD 

go 

Q 


218 


plasma  differ  from  convective  heating  by 
combustion  products? 
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-  in-depth  heating  due  to  plasma  radiation 

burn  rate,  0.2-0.5%/K 

-  sub  surface  reactions 


c 
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>< 
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Li. 


unsubscripted  terms  are  for  plasma/gas  ^p  ~  1x10 

p  =  0.1- 0.5  kg/m^  (Powell) 
u  =  300  -  2000  m/s  (SOREQ) 


Heating  Of  An  Inert  Slab 

STANDARD  IGNITION/COMBUSTION 
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rapid  surface  heating.  insignificant. 
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High  absorption  coefficient  Lower  absorption  coefficient 
results  in  rapid  near-surface  leads  to  in-depth  heating, 
heating. 


Radiative  Heating  of  a  Siab 


o 

o 

o 

o 


II 


H 

c 


in 

£ 

in 

£ 

in 

CJ 

m 

q 

CM 

d 

d 

d 

m 

♦ 

Hi 

m 

♦ 

0  'aoNVHo  3ynivy3dwai 


(0  <A  M 

C  W  C  «  C 

F  P  ^ 

in  ^  in  ^  to 

CM  U>  h«.  O  CM 

Q  d  o  d  ^ 

o  m  4  m  ♦ 

o 


O 

a: 

O 


8  5 


CL 
Q  O 
®  QC 
CL 


O  CL 
tu 
O 


c  c 

»o  ^  in  tf) 

(M  in  o  CM 


o  ‘aoNVHo  3ynivd3dW3x 
225 


a: 

c; 


H 


bU 

o: 


X 

u 

X 

s 


o 

o 


^  e  z  i  0 


o 


<n 

n 

03 


a 

m(/) 


G) 

<N  C 

•  Hi 

^2 

o 

O  Q) 


o 

3 


(/)  a> 

n  o 

X  o 


« 


1 


♦ 


# 


226 


AqSPEC)  =  0.094  -  0.311 AC  +  0.5AC''2 
-  0.10eAC'^3  +  0.00729ACM 
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Propellant  reflection  coefficients  must  be  determined 
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Spectra  taken  through  polyethylene  tube 


"O 

o 

-D 


oc 

(U 

'o 

o 


TD 


'y^ 


C 

i'  C 


X  a 

U 


c 

o 


SOREQ  105-mm  Simulator 
Live  Grain  Location 


(c)  Plasma  Igniter,  70  MW,  65  kJ 
^  Unburned  Propellant  Grain 
►  Burned  Propellant  Grain 


105mm  SPETC  Gun  Charge 
NGEN  Simulation 
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-NGEN2  SIMULATION  OF  105MM  SOREQ  TEST  FIRING  -  CONVENTIONAL  IGNIT 
SOLID  PARTICLE  TEMPERATURE  CONTOURS  r294K  -  444K) 


'd’CJO  00<£>rrC4O  COtD^CJO  QOCO^CMO  OOCO^CMO 


CC  (iftio)  aoNvisia -iviavu  (wo)  aoNvisia  nviava  (wo)30Nvisiaiviava  (wo)30NViSiaiviava  (wo)  30Nvisia  iviova 


ARL-NGEN2  SIMULATION  OF  105MM  SOREQ  TEST  FIRING  -  PLASMA  IGNITER  (120MW) 
SOLID  PARTICLE  TEMPERATURE  CONTOURS  (294K  -  444K) 
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ARL-NGEN2  SIMULATION  OF  1 05MM  TEST  FIRING  -  "PLASMA-GAS"  IGNITER 
SOLID  PARTICLE  TEMPERATURE  CONTOURS  (294K  -  444K) 
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66425r2.ppt 


ETC  technology  offers  the  potential  to  significantly  extend 
the  performance  window  of  conventional  direct  fire  guns  as  well 
as  provide  precision  ignition  and  temperature  compensation. 


EEF  Follow-on  Program  —  Facility 
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-  High  speed  photography 

-  Flight  analysis 


EEF  Follow-on  Program  —  Test  Configuration 


A  fully  integrated  facility  supports  assembly,  testing  and  data  recording. 


EEF  Follow-on  Program  —  Test  Fixture 
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Pressure  transducers  are  mounted  along 
the  length  of  the  chamber  and  bore. 


EEF  Follow-on  Program  —  Breech  Blocks 


for  both  conventional  and  ETC  firings. 


i 


Four  cold  DM1 3’s  have  been  fired  with  conventional  primers. 
Three  were  initiated  with  a  standard  T3  firing  circuit. 

One  was  initiated  using  the  PFN  trigger  generator 
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Precision  ignition  —  M865  Rounds 


66425r2.ppl 


Precision  ignition  —  MSGS  Rounds 


Loading  density:  0.8  g/cc  •  Projectiie/Sabot  Mass:  5.825  kg 


Sigma  =  11.52  m/s 


Precision  Ignition  —  ETC  Firings 


1 1  shots  were  conducted.  Pressure  transducer  signal  was  lost  on  one  shot. 


Precision  ignition  —  Summary  of  Firings 
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Precision  ignition  -  M865  Summary 


ETC  firings  reduced  T2  standard  deviation  by  a  factor  of  26 
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Temperature  Compensation  —  DM13  Approach 
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Temperature  Compensation  —  DM13  Rounds 


Propellant  Type:  JA2  (7  perf)  •  Propellant  Mass:  7.345  kg 
Loading  Density:  0.75  g/cc  •  Projectile/Sabot  Mass:  7.1 1  kg 


Temperature  Compensation  —  Test  Plan 
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Temperature  Compensation  —  Analysis 


.B.  and  inverse  analyses  will  help  determine  what  effect  (if  any)  ETC  ignition  has  on  propellant  burn  rate 


Temperature  Compensation  —  Prediction  vs.  Test 


Computer  prediction  matches  ambient  conventional  firing 


Temperature  Compensation  —  Conventional 


Three  rounds  were  fired  conventionally  at  each  of  three  temperature 
conditions:  47  deg  C,  21  deg  C,  and  0  deg  C  (Total  of  nine  shots). 


Temperature  Compensation  —  Conventional  &  ETC 


Three  rounds  were  fired  conventionally  at  each  of  three  temperature 
conditions:  47  deg  C,  21  deg  C,  and  0  deg  C  (Total  of  nine  shots). 
Five  ambient  ETC  tests  show  walkup  In  performance. 


Temperature  Compensation  —  Power 


A  fast,  high  power  electrical  pulse  is  needed  to 
achieve  “hot  round”  performance  (1791  m/s). 
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M829A2  Temperature  Compensation  -  Approach 
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Complete  series  by  testing  at  cold  temperatures  down  to  -32C  in  an  attempt 
to  match  hot  performance. 


Propellant  Type:  JA2  Stick  •  Propellant  Mass:  8.55  kg 
Loading  Density:  0.92  g/cc  •  Launch  Mass:  ~7.78  kg 


Temperature  Compensation  —  Conventional 


Using  conventional  ignition,  two  rounds  were  fired  at  49C, 
one  round  was  fired  at  21C,  and  one  round  was  fired  at  “32C 


Temperature  Compensation  —  Ambient  ETC 


With  ETC  ignition,  performance  increases  with  energy,  peak  power,  and 
power  rise  rate.  In  addition,  ignition  delay  time  is  greatly  reduced. 


Temperature  Compensation  -  Hot  Performance 


Temperature  Compensation  —  Cool  ETC 


Temperature  Compensation  —  Cold  ETC 
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Temperature  Compensation  —  Fin  Integrity 
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Temperature  Compensation  -  Concluding  Remarks 


n 

£  ^ 
(0  Q) 

to 

■£  ® 

3  Q- 

O  1- 

O  <0 
O 

lO  0 

c  O 

5  § 

E 

(A  O 

0)  r 

O)  Q. 

-  "S 

=  s 
0  0 
•o  — 

0)  -g 

3  = 
aS 

0  o 
^  -C 

O  0) 
Q.£ 
_  <-» 
(0  o 
o  a 

”  ^ 
if 
O  3 

«  TJ 

o  c 


o  ■= 
O  -C 

lo  (/) 

c  g 

CO  ^ 

£  2> 
(0  3 
0)  (/) 
(1)  u> 
"  0 

o  a 

»N 

0  k- 
H±:  0 

0  > 
c  0 

2  g 

4-  O 

>  -c 

O)  jj' 
0  *0 

S  5 
_  0 
0  0 

.£  0 
^  o 

s  i 

«  E 


■o  0 
0  Q. 

■O  -D 
0  c 

g  3 

^  O 

■o  *- 
c  tJ 

3  S 

O  -3 

k-  0 

O  g 

o  •— 

<  0 


T3 

0  0 
U  0 

■§  = 

=  2 

y  g. 

LU  E 
■n  O 
0  1-0 
0  "  W 
^  2  3 
0  O  Q. 
CO,. 
O  0  0 

E  -C  ^ 
0  o 

^3  o- 

0  0  c 

>  -g  0 

2  c  .> 

•^3  0) 

ss» 

CO  o 
•  o 

0  0  T3 

C  C  ® 

^  -  c 

■g  £ 

^  0  ■£ 

s  s  s 

W  g  £ 

S  2  o 

S  .£  E 

ig  o 

E  c  ■? 

0  0  o 

r  E  r 
0^0 
2  t  Q. 

O  Q.  0 


0 

s  • 

S’  >* 

&■§ 

o  "S 
c  0 


O  0 
■D  S= 

4- 

0  o 
®.2. 
>  o 

£  a. 

0) 

S- 

^  o 

s  ^ 

0  4^ 

0  *Z 
0  D) 
■C  0 


0  " 
C  0 

.2  5 


0  0 

E  0 

0  .C 
0  *- 

E  2 


0 

C 

0) 

Q 

T3 

O 


316 


series  for  this  JA2  stick  configuration  as  weli  other  advanced 
propeliant  systems. 


probability  of  hit  from  a 
stationary  tank. 
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